RHOA, a founding member of the Rho GTPase family, is critical for actomyosin dynamics, polarity, and morphogenesis in response to developmental cues, mechanical stress, and inflammation. In murine small intestinal epithelium, inducible RHOA deletion causes a loss of epithelial polarity, with disrupted villi and crypt organization. In the intestinal crypts, RHOA deficiency results in reduced cell proliferation, increased apoptosis, and a loss of intestinal stem cells (ISCs) that mimic effects of radiation damage. Mechanistically, RHOA loss reduces YAP signaling of the Hippo pathway and affects YAP effector epiregulin (EREG) expression in the crypts. Expression of an active YAP (S112A) mutant rescues ISC marker expression, ISC regeneration, and ISC-associated Wnt signaling, but not defective epithelial polarity, in RhoA knockout mice, implicating YAP in RHOA-regulated ISC function. EREG treatment or active b-catenin Catnb lox(ex3) mutant expression rescues the RhoA KO ISC phenotypes. Thus, RHOA controls YAP-EREG signaling to regulate intestinal homeostasis and ISC regeneration.
INTRODUCTION
Intestinal epithelium, one of the most vigorously self-renewing tissues in an adult mammal, is composed of four major cell types: absorptive enterocytes, mucus-secreting goblet cells, antimicrobial Paneth cells, and hormonesecreting enteroendocrine cells (Barker and Clevers, 2010; Barker et al., 2007) . More differentiated cell types reside within the villus, while the base of each villus is surrounded by multiple epithelial crypt invaginations (Clevers, 2013) . At the bottom of each crypt, crypt base columnar cells (CBCs) (Cheng and Leblond, 1974) occupy cell positions +1 through +5 from the base and are intercalated between Paneth cells, which together constitutes a stem cell niche (Sato et al., 2011; Snippert et al., 2010) .
The CBCs, containing intestinal stem cell (ISC) activity, proliferate constantly and give rise to rapidly proliferating transient amplifying cells just above Paneth cells. Transient amplifying cells then migrate upward and differentiate at the crypt-villus boundary into one of the four mature cell types (Tian et al., 2015) . Several molecular markers have been used to identify ISCs, including Lgr5, Ascl2, Olfm4, and Bmi1 (Barker and Clevers, 2010; Barker et al., 2007; ). The Lgr5-positive cells are actively cycling, long lived, and give rise to all four epithelial lineages (Sato et al., 2011; Snippert et al., 2010) . Single Lgr5-expressing ISCs can be cultured in vitro to form longlived, self-organizing crypt-villus organoids in the absence of non-epithelial niche cells (Sato and Clevers, 2013; Sato et al., 2009 Sato et al., , 2011 .
The regeneration and differentiation process of the small intestine is stringently regulated to ensure a balanced homeostasis. Primarily known as an important regulator in organ size control and cell proliferation (Zhao et al., 2010) , the Hippo/Yes-Associated Protein (YAP) pathway has emerged recently as an important regulator of ISC regeneration and intestinal tumorigenesis (Barry and Camargo, 2013; Hong et al., 2016) . YAP1 and TAZ have been shown to promote ISC proliferation (Imajo et al., 2015) , but surprisingly, mice with depleted YAP1 and/or TAZ protein in the intestine have normal homeostasis (Azzolin et al., 2014; Cai et al., 2015) , suggesting that YAP1 and TAZ are dispensable under normal conditions. Further studies show that YAP1 is involved in intestinal regeneration after drug-or irradiation-induced injury (Gregorieff et al., 2015; Taniguchi et al., 2015) , and the YAP1 target, epidermal growth factor receptor ligand EREG, modulates ISC proliferation and regeneration (Gregorieff et al., 2015) . Multiple studies suggest that the Hippo-YAP pathway interacts with the Wnt/b-catenin pathway (Pinto et al., 2003; ) to regulate the function of ISCs (Azzolin et al., 2014; Barry and Camargo, 2013; Cai et al., 2015; Imajo et al., 2012) . However, conflicting interpretations of these studies led to the proposal that YAP may both enhance and inhibit Wnt signaling in ISCs (Azzolin et al., 2014; Barry and Camargo, 2013; Imajo et al., 2012; Rosenbluh et al., 2012) , possibly reflecting the complexity of the signaling network in ISC regulation.
While many of the current studies focus on the intracellular signaling mechanisms of ISCs, the apical-basal polarity and cell adhesion junctions play key roles in intestinal epithelium morphogenesis. As a key member of the Rho guanosine triphosphatase (GTPase) family, RHOA has been found to be involved in regulating tissue-specific cytoskeleton dynamics, cell adhesion, survival, cell-cycle progression, and transcription (Etienne-Manneville and Hall, 2002; Wang and Zheng, 2007) . RHOA acts as a molecular switch to control signal transduction by shifting between a guanosine diphosphate (GDP)-bound, inactive form and a GTP-bound, active form (Etienne-Manneville and Hall, 2002; Karlsson et al., 2009; Liu et al., 2012; Wang and Zheng, 2007) . Dysfunction of RHOA and related GTPases can cause cancer, neurological abnormalities, immunological disorders, and several other diseases (Wang and Zheng, 2007; . Interestingly, in the Hippo pathway, YAP1 and TAZ transcriptional activities are regulated by mechanical actomyosin signal and G-proteincoupled receptor (GPCR)-mediated extracellular signals through Rho GTPases (Dupont et al., 2011; Rauskolb et al., 2014; Yu et al., 2012; Zhao et al., 2012) , suggesting a connection between RHOA and Hippo-mediated transcription.
In the current work, we use an intestinal epithelium-specific inducible gene deletion in a mouse model of VillinCreERT2;RhoA flox/flox to define the physiological function and molecular mechanisms of RHOA in ISC regulation. Our study shows that RHOA-mediated YAP-EREG signaling plays a critical role during intestine homeostasis and ISC regeneration, implicating a relationship between RHOAcontrolled epithelial integrity/polarity and intracellular YAP/Wnt signaling in ISC regulation.
RESULTS

Inducible Deletion of RhoA Causes Defects in Small
Intestinal Epithelium RHOA is unanimously expressed throughout the small intestine in adult mice, including crypt and villi (Figures S1A and S1B Figure 1A ). H&E staining of duodenum in RhoA KO mice revealed a severe disruption of crypt-villus architecture compared with WT mice ( Figure 1B ). The villi in the RhoA KO mice were relatively intact but noticeably shorter than that of WT mice ( Figure 1B) . Transmission electron microscopy analysis confirmed that the intestinal epithelial architecture was disorganized in RhoA KO mice ( Figure S2A ). Similar but more moderate structural defects in villi and crypts were observed in jejunum and ileum (Figures S2B and S2C) . We chose duodenum as the focus of this study. Further analysis comparing RHOA and E-cadherin protein expression in WT and KO duodenum confirms a complete deletion of RHOA in both villi and crypts of KO mice, while E-cadherin levels were reduced with a disrupted expression pattern in the KO ( Figures 1C and 1D Loss of RhoA Disrupts Epithelial Polarity, Adhesion, and Organization in the Small Intestine RHOA is involved in actin stress fiber formation, actomyosin contractility, focal adhesion, and adherens junction (AJ) complex (Kaibuchi et al., 1999; Melendez et al., 2011; Rajasekaran et al., 2001) . To further characterize the intestinal defects in RhoA KO mice, we analyzed the transcription pattern of markers for AJ, polarity, and basolateral compartments. The transcription expression of polarityregulating molecules Par3 and Par6 was significantly reduced in RhoA KO intestine (Figure 2A ) while the mRNA level of adhesion molecules E-cadherin and b-Catenin were not significantly altered, suggesting disrupted epithelial polarity. Immunofluorescence staining found that in RhoA KO mice, ion transporter Na + ,K + -ATPase, a basolateral marker, was more diffusely localized, confirming the polarity defect ( Figure 2B ). Analysis of actin cytoskeleton using phalloidin staining showed a disrupted junctional actin network in RhoA KO intestinal epithelial cells ( Figure 2C ), consistent with the disruption of the E-cadherin complex ( Figure 1D ). We next examined whether loss of RHOA affects different cell types in small intestine. Paneth cells are exclusively located at the bottom of the crypts in WT intestine, as shown by lysozyme immunostaining; in the KO mice, most Paneth cells remained in the crypts but the villi/crypt structures were disrupted (Figures S3A and S3B) . In addition, the number and localization of goblet cells and enteroendocrine cells marked by mucin-2 and chromogranin A staining, respectively, were unaffected by RhoA KO (Figures S3C and S3D ). We conclude that RHOA is critically involved in basolateral polarity, cell adhesion, and epithelium organization in the small intestine.
Loss of RhoA Reduces Proliferation and Induces Apoptosis in Small Intestinal Crypts RHOA has been implicated in regulating epithelial cell proliferation in the small intestine (Benoit et al., 2009) , and RHOA-regulated cell adhesion/polarity is closely related to cell-cycle regulation. We next examined whether the crypt cell proliferation and cell cycle are affected by RHOA loss of function. The number of proliferating crypt cells marked by Ki67 (non-G 0 cycling cells) ( Figure 2D ) and phosphor-histone H3 (M-phase cells) ( Figure S3E ) are both dramatically decreased in RhoA KO intestinal tissue, which may account for the disorganized epithelial structure. Reduced proliferation occurs in all sections of the intestine, including duodenum, jejunum, and ileum (data not shown), suggesting that RHOA is critical for cell proliferation in the whole small intestine. Recent genetic studies have revealed a critical function of RHOA during mitosis in different biological contexts including blood progenitor cells, keratinocytes, and mouse embryonic fibroblasts (Jackson et al., 2011; Melendez et al., 2011; . Interestingly, RHOA deficiency in small intestine also induced multinucleated cells ( Figure S3F ), suggesting a mitotic arrest.
Aside from the effect on proliferation, the RhoA KO increased the cleaved caspase-3-positive cells significantly throughout the crypts and villi ( Figure S3G , quantified in Figure 2E ). Consistently, total cleaved caspase-3 protein level was dramatically increased in RhoA KO epithelium as found by western blotting ( Figure 2F ), which could, at least in part, account for the partial loss of the crypt upon RHOA deletion. Molecularly, RHOA deletion caused a reduced pro-survival signal marked by Bcl-2, with no obvious change of pro-apoptotic proteins such as p53 (Figure 2F) , indicating an altered apoptotic mechanism.
Inducible RhoA Deletion Leads to a Loss of Intestinal Stem Cells and Reduced Canonical Wnt Signaling
In Vivo and In Vitro Disrupted crypts and reduced proliferation in RhoA KO small intestine is indicative of ISC malfunction. To determine the requirement of RHOA in ISCs, we crossed Lgr5-EGFP-IRES-CreERT2 mouse (Barker et al., 2007) , which has the eGFP marking Lgr5 + ISCs in the crypts,
with RhoA KO and WT mice (the CreERT2 in this model could not effectively delete RhoA gene upon tamoxifen induction; data not shown). In this model, Lgr5 À eGFP + ISCs were drastically reduced in small intestine crypts 2 days after tamoxifen induction ( Figure S4A ). An in situ hybridization analysis showed that the ISC marker Olfm4 was also dramatically decreased in RHOA-depleted small intestine ( Figure 3A) . A qRT-PCR test confirmed that three ISC markers, i.e., Lgr5, Olfm4, and Ascl2, were significantly reduced in RhoA KO crypts ( Figure 3C ). Since canonical Wnt signaling is associated with and is required for self-renewal of ISCs and ISC-niche interaction ( (F) Western blotting of apoptotic related proteins Bcl-2, Bcl-xL, p53, p-P53, and cleaved caspase-3 in duodenal crypts isolated from control and RhoA KO mice. **p < 0.01, ***p < 0.001. investigated the canonical Wnt signaling in RhoA KO crypts. A qRT-PCR analysis showed that the canonical Wnt pathway targets Axin2 and Cyclin D1 were both significantly reduced in the RHOA loss-of-function crypts (Figure 3C ), suggesting impaired canonical Wnt signaling upon RhoA KO. Consistently, the protein level of nuclear b-catenin, as a readout of canonical Wnt signaling, was correspondingly reduced in RhoA KO crypts ( Figure 3B ).
To further examine whether RHOA regulates the function of ISCs, we performed an in vitro intestinal organoid (enteroid) culture assay using enteroids derived from Lgr5-EGFP-IRES-CreERT2; Villin-CreERT2;RhoA fl/fl (KO) and Lgr5-EGFP-IRES-CreERT2; Villin-CreERT2; RhoA fl/+ mice (WT). Four days after culture, Lgr5
À eGFP + stem cells were localized at the tip of crypt-like intrusions surrounding the central lumen (green due to autofluorescence) lined by villus-like epithelium ( Figure S4C ). Consistent with the loss of ISC phenotype upon RHOA deletion in vivo, 4-OH tamoxifen-induced RHOA deletion in vitro inhibited the formation of crypt-like domains, leading to the loss of Lgr5 À eGFP + ISCs ( Figure S4C ). Addition of Y27632, an inhibitor of the major RHOA signaling effector ROCK, into the medium (for 4 days) phenocopied RHOA deletion, causing a loss of Lgr5 À eGFP + ISCs (Figure S4C ). qRT-PCR performed 1 day after tamoxifeninduced RHOA deletion revealed a similar transcriptional reduction of ISC markers, i.e., Lgr5, Ascl2, and Olfm4, which is associated with a reduction of canonical Wnt markers Axin2 and Cyclin D1 in RhoA KO enteroids ( Figure 3D ). An examination of non-canonical Wnt antagonists DKK1 and Wnt5A in WT and KO enteroids by qRT-PCR found their transcription levels very low and remained unchanged upon RhoA KO (data not shown). Together, these results suggest that RHOA signaling regulates ISC cell fate.
YAP Signaling Mediates the RhoA KO Phenotype of ISC Loss
The Hippo/YAP pathway has been reported as an important regulator during ISC regeneration (Barry and Camargo, 2013) , and RHOA GTPases regulate YAP1 and TAZ transcriptional activities . To examine whether Hippo signaling is involved in the RhoA KO phenotypes, we first determined the expression of total YAP protein in the crypts by immunostaining. RhoA KO crypts exhibited significantly lower total YAP and nuclear YAP expressions, indicative of reduced YAP signaling activity ( Figures 4A  and 4B) . Consistently, the transcripts of the YAP signaling targets, Ctgf, Cyr61, and Ereg, were repressed in RhoA KO crypts as well ( Figure 4C ), and western blotting of total YAP showed a significant reduction of YAP protein in RhoA KO crypts ( Figure 4D ). To further determine whether YAP signaling plays a role in the RHOA-mediated ISC regulation, we took a genetic rescue approach to cross Villin-CreERT2; (D) Western blotting of total YAP protein using duodenal crypts isolated from control WT, RhoA KO, KO/YAP (S112A) rescue, and YAP (S112A) expressing enteroids.
(E) qRT-PCR analysis showing the expression of YAP transcriptional targets, ISC markers, and canonical Wnt signaling target genes in control WT, RhoA KO, KO/YAP(S112A) rescue, and YAP(S112A) expressing duodenal crypts. Data are normalized to GAPDH; n = 3 mice for each genotype. Error bars represent SD from three independent experiments. (F) In situ hybridization analysis of Olfm4 RNA in control WT, RhoA KO, KO/YAP(S112A) rescue, and YAP(S112A) expressing duodenum. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. an inducible active YAP (S112A) mouse model, which turns on YAP nuclear activity upon Cre induction with tamoxifen. The active YAP mutant expression readily rescued the transcription of the YAP signaling targets, Ctgf, Cyr61, and Ereg, as well as the ISC markers, Ascl2, Lgr5, and Olfm4. Interestingly, canonical Wnt targets Axin2 and Cyclin D1 were also rescued by the active YAP mutant in RhoA KO ( Figure 4E ), consistent with a rescue of ISCs by the active YAP mutant signaling. An in situ hybridization with a probe against Olfm4 confirmed that the active YAP mutant rescued the ISC marker expression in the RhoA KO ( Figure 4F ), while H&E staining showed that the active YAP mutant could not restore the disrupted villi structure ( Figure S5A ). As RhoA KO has significantly reduced proliferation and disrupted structure in small intestinal epithelium, we tested whether active YAP is able to rescue the defects by immunostaining of pH3, E-cadherin, and b-catenin. The active YAP mutant rescued cell proliferation in the crypts, but not the disrupted epithelial organization (Figures 5A, 5B, and S5B) . Surprisingly, we saw increased cytoplasmic YAP staining besides nuclear YAP in our YAP mutant rescue mice, which may be due to a compensatory reaction of the endogenous YAP ( Figure S5B ). We also used enteroid culture assays to determine the function of YAP signaling in ISC regeneration. In a 1-day culture, the isolated crypts of all genotypes formed similar small sphere-like enteroids; however, after 4 days in culture there was little budding or growth of the RhoA KO enteroids, and significantly fewer buds developed from RhoA KO enteroids compared with WT control (Figures 5C and 5D ). Inducible expression of the active YAP(S112A) mutant, or an addition of the YAP target EREG protein to the culture medium, rescued enteroid-forming efficiency and enteroid growth ( Figures 5C  and 5D ). These results indicate that YAP signaling mediates ISC homeostasis and regeneration under the RHOA null genetic conditions. (KO/b-Cat) showed a more organized crypt structure compared with the RhoA KO ( Figure S6A ), whereas VillinCreERT2; RhoA fl/+ ; Catnb lox(ex3) (b-Cat) mice had expanded crypts with large Paneth cells, consistent with canonical Wnt overexpression phenotype (Farin et al., 2012) . In situ hybridization analysis of the ISC marker Olfm4 showed that the Wnt activation by Catnb lox(ex3) expression rescued the loss of ISC phenotype of RhoA KO mice ( Figure 6A ), while b-Cat Catnb lox(ex3) mice displayed expanded Olfm4 expressing crypts. Immunostaining of pH3 and E-cadherin suggested that active canonical Wnt signaling could rescue the proliferation defects in RHOA-depleted crypts, and the crypt/villi structures also seemed to be partially restored ( Figures 6B and 6C ). Finally, qRT-PCR analysis of ISC markers Lgr5, Ascl2, and Olfm4 in isolated crypts further verified that expression of these markers in KO ISCs were restored by the active b-catenin expression ( Figure 6D ). We further examined whether active canonical Wnt signaling is sufficient to rescue the RhoA KO ISC defects in vitro. Crypts from KO/b-Cat Catnb lox(ex3) mice formed enteroids that mimicked WT enteroids after a 4-day culture, with many buds forming in the enteroids, whereas the enteroids grown from b-Cat Catnb lox(ex3) mice formed a large balloon-like structure that is indicative of excessive Wnt activity ( Figure 7A ). qRT-PCR analysis of the enteroids showed similar results to that of in vivo analysis, i.e., the ISC markers Lgr5, Ascl2, and Olfm4, as well as the Wnt target Axin2, were readily rescued in KO/b-Cat Catnb lox (ex3) enteroids ( Figure 7B ). Interestingly, we found that active canonical Wnt signaling did not affect YAP signaling activity as assayed by a YAP transcription target gene analysis ( Figure 7C ) and YAP protein immunostaining ( Figure S6B ), suggesting that canonical Wnt-activity involved in ISC 
Constitutively Active b-Catenin
DISCUSSION
As a founding member of the Rho GTPase family, RHOA regulates multiple important cellular functions including cytoskeleton dynamics, cell adhesion, survival, and cell cycle in various tissues , but little is known about its physiological function in small intestine in mammals. In this study, we utilize a genetic approach to inducibly and specifically delete RHOA in mouse small intestinal epithelium, and find that RHOA is essential for the maintenance of gut epithelial architecture and homeostasis of ISCs. Loss of RHOA causes a disrupted villi and (ex3) rescue, and b-catenin Catnb lox(ex3) expressing crypts. Data are normalized to GAPDH expression; n = 3 mice for each genotype. Error bars represent SD from three independent experiments. **p < 0.01; ns, not significant. crypt structure in the small intestine, with defects in cell adhesion and junction. In addition, RHOA-depleted epithelium loses polarity organization and epithelial integrity.
Five days after the absence of RHOA, crypt cell proliferation is significantly reduced while apoptosis is elevated, along with a drastically decreased number of ISCs. This is consistent with a multitude of studies showing that RHOA positively regulates cell proliferation in several tissues . These effects upon RHOA loss are reminiscent of certain stress conditions, such as irradiation. For example, mice treated with 10 Gy of radiation share a similar phenotype with RHOA loss-of-function mice, including disrupted villi, reduced proliferation, ectopic apoptosis, and repressed ISC marker expressions ( Figure S7 ). Interestingly, most of our RhoA KO mice were able to recover from the induced changes in the small intestine and eventually survive, possibly due to adaptive compensations from other Rho family members such as RhoB and RhoC (data not shown). EREG from the surrounding stroma cells may also play a compensatory role, as previously reported in YAP-depleted intestines (Gregorieff et al., 2015) . A recent report using a non-inducible RHOA loss-of-function model showed chronic intestinal inflammation (Lopez-Posadas et al., 2016), which is not observed in our transiently inducible RhoA KO mice, suggesting that RHOA may have different roles during embryonic and early postnatal stages versus adult stage, or the compensatory effects from RhoA KO differ in short-term versus long-term reactions.
In the intestine, YAP1 protein is enriched at the bottom of the crypt where the ISCs congregate (Cai et al., 2010; Camargo et al., 2007) , and multiple loss-of-function studies have shown that YAP/TAZ promotes proliferation and regeneration of ISCs (Hong et al., 2016) . However, there is conflicting evidence that intestine-specific induction of YAP1 would reduce ISC number, suggesting a growth-suppressive function of overexpressed YAP1 (Barry et al., rescue, and b-catenin Catnb lox(ex3) expressing enteroids. Data are normalized to GAPDH expression; n = 3 mice for each genotype. Error bars represent SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. 2013). We find that YAP and its targets such as EREG are significantly reduced in RhoA KO crypts, and our genetic rescue experiment with a constitutively active form of YAP mutant can rescue ISC number and function of the KO mice, suggesting that YAP acts downstream of RHOA to positively regulate ISC regeneration. YAP and TAZ transcriptional activities can be regulated by multiple signals including mechanical stress, polarity, and Rho GTPases (Dupont et al., 2011; Rauskolb et al., 2014; Yu et al., 2012; Zhao et al., 2012) ; thus, possibly, RHOA-mediated epithelial polarity can regulate YAP/TAZ through Lats1/2 as previously reported .
Previous loss-of-function studies have found that YAP1 is dispensable during normal intestinal homeostasis, whereas it is essential for regeneration after irradiation injury (Gregorieff et al., 2015) . Since RhoA KO shows multiple defects similar to those of irradiation-induced injuries, reduced YAP signaling in the RhoA KO could contribute to the defects in ISC regeneration as in the YAP-deleted intestine (Gregorieff et al., 2015) . However, no reduced ISC number or ISC maker expression is observed in our YAP-overexpressing mice, differing from a previous report .
Wnt signaling is well established as being essential for the maintenance of the proliferative crypt compartment, and loss-of-function studies support the idea that the Wnt pathway constitutes the master regulator for intestinal homeostasis and maintenance of ISCs (Fevr et al., 2007; Korinek et al., 1998; Kuhnert et al., 2004; Pinto et al., 2003) . However, the interaction between canonical Wnt and YAP signaling remains controversial, as some reports propose that YAP1 maintains the proliferation and function of ISCs by activating canonical Wnt signaling activity (Camargo et al., 2007) while others show that cytoplasmic YAP1 inhibits canonical Wnt signaling . Our study indicates that in the RHOA-depleted background, ectopic YAP activity promotes ISC regeneration and canonical Wnt signaling, while canonical Wnt signaling has no obvious impact on YAP signaling activity. How active YAP restores canonical Wnt signaling in RhoA KO small intestine needs further investigation, but it is not through a crosstalk with non-canonical Wnt signaling as previously reported in other model systems (Park et al., 2015) , and may be via an indirect effect such that YAP, through EREG, restores the ISC proliferation and homeostasis that affects canonical Wnt activity. Our genetic rescue experiment with a stabilized b-catenin mutant suggests that canonical Wnt signaling is sufficient for ISC regeneration in the absence of RHOA and/or intact YAP signaling. This discovery implicates canonical Wnt signaling for small intestine regeneration after injury. However, exaggerated Wnt signaling can promote ISC hyperproliferation, and an optimal Wnt signaling dose needs to be precisely modulated for proper intestinal homeostasis (Clevers, 2013) .
RHOA is a molecular switch in transducing diverse extracellular signals and is activated from a GDP-bound inactive form to a GTP-bound active form in response to stimuli (Etienne-Manneville and Hall, 2002; Karlsson et al., 2009; Liu et al., 2012; Wang and Zheng, 2007) . The positive stimuli of RHOA include mechanical stress post injury (Aikawa et al., 1999; Smith et al., 2003) , cytokines released due to inflammation (Campos et al., 2009; Iwata et al., 2012) , and GPCRs hijacked in colon cancer conditions (Dorsam and Gutkind, 2007) , which are involved in multiple disease states. Such altered pathophysiological status may regulate RHOA activity, which in turn affects ISCs. Further examination of how altered pathologic signals may be transduced through the identified RHOA-YAP-EREG pathway in intestinal diseases that result in altered ISC homeostasis will be of future interest.
EXPERIMENTAL PROCEDURES
Animal Studies
We used a RhoA lox/flox mouse line described previously (Katayama et al., 2011) . The RhoA flox/flox mouse was crossed with VillinCreER T2 mice provided by Dr. Helen Piwnica-Worms at the University of Texas MD Anderson Center. Littermate controls were generated by standard pairings. Animal protocols were approved by the Cincinnati Children's Hospital Medical Center Committee on the Ethics of Animal Experiments. All mice were housed in a specific pathogen-free breeding barrier. Euthanasia was performed by CO 2 followed by cervical dislocation. To induce Cre recombinase, we intraperitoneally injected 6-to 8-week-old adult mice with 1 mg of tamoxifen (Sigma-Aldrich, Switzerland) dissolved in corn oil for 4 consecutive days. Mice were euthanized and analyzed 1 day after the last injection. For the genetic rescue experiment, we crossed RhoA flox/flox ; Villin-CreER T2 mice to knockin mice containing either an inducible active YAP mutant allele (S112A mutation [Xin et al., 2011] , under the control of CMV-LSL) or an inducible active b-catenin mutant allele catnb lox(ex3) (Harada et al., 1999) .
H&E Staining and Tissue Preparation
Intestinal tissues were flushed with PBS and fixed in 10% formalin or 4% paraformaldehyde overnight at 4 C. Tissues were then embedded in paraffin or cold optimum cutting temperature (OCT) embedding medium. Processing of tissues for paraffin embedding and H&E staining was performed by the CCHMC Digestive Health Center Morphology Core.
Immunofluorescence and Confocal Microscopy
Immunofluorescence was performed on frozen sections. Intestinal tissues were flushed with PBS and fixed in 4% paraformaldehyde overnight at 4 C, cryoprotected in 30% sucrose, embedded in OCT compound, and sectioned at 12 mm. Antibodies for immunofluorescence are: RHOA (Cell Signaling Technology, #2117, 1:250), 
In Situ Hybridization
Intestinal tissues were flushed with PBS and fixed in 10% formalin or 4% paraformaldehyde overnight at 4 C. Tissues were then embedded in paraffin or cold OCT embedding medium. Processing of tissues for paraffin embedding was performed by the CCHMC Digestive Health Center Morphology Core, and in situ hybridization was performed following a published protocol (Gregorieff and Clevers, 2010) .
Western Blotting
Intestinal epithelium from villi and crypts were isolated as previously described (Melendez et al., 2013) . Tissues were homogenized in lysis buffer containing protease and phosphatase inhibitors, sonicated at 4 C, mixed with 43 SDS loading buffer, and heated at 100 C for 5 min. A Bradford assay was used to determine protein concentration (Bio-Rad). Antibodies for western blotting are: anti-RHOA (#2117), Cdc42 (#2462), MLC2 (#3671), p-MLC2 (#3675), Bcl-2 (#15071), BCL-xL (#2764), p53 (#2527), p-p53 (#2521), cleaved caspase-3 (#9661), YAP (#14074), and GAPDH (#5174) (all from Cell Signaling), and anti-Rac1 antibody (#610650, BD Biosciences). The FOCUS SubCell kit (G Biosciences) was used to separate crypt cell cytosolic and nuclear fractions.
Transmission Electron Microscopy
For transmission electron microscopy, small intestinal sections were dissected, flushed with cold PBS supplemented with protease inhibitors, and fixed in 4% glutaraldehyde/0.175 M cacodylate buffer followed by 1% osmium tetroxide/0.175 M cacodylate. Mouse tissues were then dehydrated, embedded in LX-112 resin, and imaged by the CCHMC Digestive Health Center Morphology Core.
RNA Extraction and Real-Time qPCR
mRNA was isolated from intestinal crypts using an RNA Mini Kit (Qiagen). RNA concentration was measured by Nanodrop and cDNA was produced with a cDNA synthesis kit (ABI). qPCR was performed using SYBR qPCR master mix (ABI) or TaqMan qPCR master mix (ABI) on an ABI700 qRT-PCR instrument. Relative expression levels were determined by the DDCt method standardized to gapdh. Primer sequences for SYBR reaction were obtained from web source http://medgen.ugent.be/rtprimerdb or http:// pga.mgh.harvard.edu/primerbank (see below for sequences). 
SYBR Reaction qRT-PCR Primer Sequences
RhoA-Inducible Deletion in Enteroid Culture and Staining
Duodenal crypts from 6-to 8-week old control and RhoA KO mice were isolated and cultured in vitro as previously described (Mahe et al., 2013; Sato et al., 2011; Snippert et al., 2010) . At 24 hr post passage, RHOA deletion was induced with 1 mM 4-OHT and complete deletion of RhoA allele was observed after 48 hr and detected by genomic PCR. At 5-7 days post induction, enteroids were fixed in 4% paraformaldehyde for 1.5 hr at room temperature and then washed in TBS/0.3% Tween 20. Fixed enteroids were blocked for 3 hr at room temperature in 2% normal goat serum/4% BSA/ TBS/0.1% Tween 20, followed by an antibody. Detailed protocols of quantification of Paneth cells, Goblet cells, and enteroendocrine cells are described elsewhere (Melendez et al., 2013) .
Quantification
Paneth cell number was quantified by counting the average number of lysosome-positive cells in crypts and villi (50 crypts and villi per mouse). Nuclear YAP signaling was quantified by measuring the YAP immunostaining intensity using ImageJ, which is normalized to DAPI nuclei staining (50 crypts per mouse).
Statistics
Results are expressed as the mean ± SD. Significance was calculated by Student's t test. p < 0.05 was considered significant.
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